INTRODUCTION
However unique a polymeric material might be, as far as properties are concerned, its use is likely to be restricted in many applications, because of fire hazard. Indeed, at least 50-60% of the polymeric materials now fabricated, must show some degree of fire retardance.
Organic polymers can initiate or propagate fires because, on exposure to heat, they undergo thermal degradation to volatile combustible products. If the concentration of the degradation products in the air is within flammability limits, they can ignite either spontaneously, if their temperature is large enough, or by effect of an ignition source such as a spark or a flame.
The combustion process continues then to complete consumption of the material, if the heat fed back from the flame to the polymer is sufficient to keep its rate of degradation above the minimum value for feeding the flame itself. Otherwise, the cyclic combustion process stops and the flame extinguishes.
Organic materials suitable for fabrication of articles, cannot be made non combustible. However, their ignition can be delayed and/or the rate of combustion decreased, by means of so called "fire retardants". The ultimate aim of fire retardants is at reducing the heat transferred to the polymer, below the limit for self-sustained combustion.
Fire retardant structures are introduced in the polymer either by means of additives or by modification of its molecular structure (e.g. by copolymerisation or chemical reaction). The additive approach is most used and is the one referred to in the following.
The empirical approach was used in the early stage of the development of fire retardant materials. However, to meet the ever increasing performances required by regulations, highly effective fire retardant systems must be designed, for which mechanistic knowledge of combustion and fire retardance is necessary.
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The evaluation of "flammability" of polymeric materials is in turn necessary for mechanistic studies. However, flammability is not a scientific term in relation to these materials because there is not a single parameter which can measure it. In practice, a number of parameters is used to define the relative flammability of polymers such as: ease of ignition, rate of flame spread etc.
Furthermore, the combustion behaviour of polymeric materials is not an intrinsic property depending solely on its chemical structure. In fact, the behaviour of the material depends as well on extrinsic factors such as heat irradiance, ventilation, shape, size and density of the specimen, etc.
Scenarios in large scale fires are extremely variable. Therefore it is not possible to define a unique set of conditions in which the parameters related to flammability should be measured, to predict the behaviour of the material in a real fire. These difficulties have led to the proliferation of flammability tests for polymers, to about 800 worldwide [I] .
The pragmatic approach most often followed in these tests, involves the use of a well defined fire model in which the combustion is carried out in carefully controlled conditions. This ensure reproducibility of results which is essential for comparison of materials. However, the test cannot generally be used to predict the behaviour of the materials in fires.
The "oxygen index test", among established tests, is the most useful for mechanistic studies, because it ranks materials on a quantitative basis and is very reproducible [2] . The index is the minimum oxygen concentration in air, required for self-sustained combustion of a downburning vertical specimen.
The "cone calorimeter" is a relatively recently developed test which supplies an integrated set of physical chemical parameters of the combustion which can be of fundamental value in mechanistic studies once it will become completely established and widely spread.
THE MECHANISTIC APPROACH
The mechanistic study of polymer combustion and fire retardance is a complex multidisciplinary topic, encompassing physical and chemical phenomena occurring in the gas and condensed phase. Thus, aspects involved are physical chemistry of flames and thermal degradation of polymers, respectively.
The processes occurring in the condensed phase are of primary importance because they originate the volatile species which feed the flame. Techniques and methods of general use in the study of thermal degradation of polymers, are applied to the study of condensed phase processes in combustion and fire retardance.
However, thermal degradation of polymers may strongly depend on experimental conditions such as temperature, type of atmosphere, rate of heating, pressure, etc. In order to obtain mechanistic information which are relevant to the understanding of the combustion process, the thermal degradation must be carried out in conditions simulating those to which the polymer is exposed during combustion.
Generally, reference is made to the fire model of the method used to evaluate the combustion behaviour of the fire retardant under study, e.g. the oxygen index test. A most important parameter is the concentration of oxygen on the surface of the burning polymer and hence the occurrence of thermal oxidation in the condensed phase. This is a most controversial point which might be rationalised so far by assuming that it depends on the type of polymer and burning conditions [3] .
A recent overview on literature data, shows that thermal degradation studies should be carried out in a number of different conditions, in order to supply more reliable data on mechanisms of combustion [3].
The most effective and versatile fire retardant systems developed so far are based on chlorine or bromine containing compounds [4] . Effectiveness can be considerably enhanced if the halogenated compound is used in combination with metal oxides, such as antimony trioxide. This "synergistic" effect is due to reactions between the halogenated compound and the metal oxide which leads to halogenation of the oxide to intermediate oxyhalides and finally to volatile metal halides as for example antimony trichloride or tribromide.
The metal halides are inhibitors of the radical chain oxidation occurring in the flame, much more effective than hydrogen halides which would be evolved in the absence of the metal compound. This chemical gas phase action is however not always the dominant fire retardant action in these systems. It was indeed shown that halogen based fire retardants may, more often than not, interact with the polymer matrix on heating, altering its degradation process and hence its combustion behaviour by a condensed phase action [3-51.
Whichever the predominant fire retardant action in synergistic systems, its mechanism will primarily depend on the species formed by the reactions between the halogen compound and the metal oxide. Recent studies showed that the nature of such species depends on the competition between chemical halogenation of the metal oxide and thermal disproportionation of metal oxyhalides to metal halide and lower-halogen content oxyhalide (or metal oxide) [3] . The result of the competition varies with the temperature of the condensed phase during burning. These data will be of basic importance in the study of the interactions between synergistic halogenated fire retardants and polymer matrix which is still in its early steps [3] .
INTUMESCENT FIRE RETARDANTS
The awareness of possible negative side effects in halogen-based fire retardants, has recently increased the interest for halogen-free systems, among which the intumescent ones seem to be most promising [3, 6, 71 . A foamed multicellular char is formed by intumescent systems on heating which shields the underlying material from the action of the flame.
Typical intumescent systems, derived from coating technology, are based on polyhydric compounds combined with a compound liberating an inorganic acid on heating, such as ammonium polyphosphate. These mixtures, added to polymers which degrade quantitatively to volatile products, as for example polypropylene, provide fire retardance by producing the intumescent char while the polymer is consumed.
The mechanistic study of intumescent systems involves the study of the chemistry of the charring reaction, the occurrence of the foaming process and the characteristics of the char. In the case of pentaerythrytol-ammonium polyphosphate mixtures, it was shown that intumescence is due to pentaerythrytol phosphate structures formed on heating [8] . The detailed study of the thermal degradation of a model compound for these structures showed that charring occurs through pyrolysis and hydrolysis of the phosphate ester bonds, followed by polymerisation or condensation of the resulting structures [9, 101.
The volatilisation of water, hydrocarbons, aldehydes evolved while charring occurs, leads to foaming of the char with formation of spherical closed cells. Most often, so called "blowing agents" are added to the system which decompose on heating, giving a large volume of gaseous products. The choice of the blowing agent must take into account that the temperature at which it should decompose and give the gases should match favourably with the charring process.
For example, urea was shown to deplete instead of increasing the intumescent effect of pentaerythrytol-ammonium polyphopsphate mixtures added to polypropylene. This is due to the fact that urea gives a large amount of gases on decomposition which occurs however at lower temperature than that of charring of the additive [I I] .
Mechanistic studies provide information which are necessary to develop highly effective fire retardant systems tailor-made to the type of polymer and/or to the combustion behaviour required by the envisaged application.
This approach requires complex studies of the basic aspects of polymer combustion and fire retardance which have not yet been carried out to a sufficient extent. On the other hand this is the only way that can lead us to control satisfactorily the fire hazard of polymers.
